Manganese redox cycling and the accompanying dissolution and precipitation reactions are important processes in natural waters. In the present study, Mn 2+ (aq) is reacted with O 2 (aq) at circumneutral pH to form manganese oxide islands on the (101 h4) surface of MnCO 3 . The islands grow heteroepitaxially. The effects of the substrate surface morphology, the substrate atomic structure, and the aqueous concentration of Mn 2+ are investigated. On terraces, rhombohedral oxide islands form with 90°rotation relative to the crystallographic axis of the underlying carbonate substrate. Although the island heights self-limit between 2 and 3 nm depending on reaction conditions, the islands grow laterally to several square microns before separate islands collide and coalesce. The islands do not grow over substrate steps or down dissolutionpit edges. Comparison studies done with MgCO 3 and CaCO 3 show that the former also promotes heteroepitaxial growth whereas the latter does not. This difference is explained by the relative bond length mismatch between the structures of the carbonate substrates and the atomic structures of manganese oxides. A free energy model is also presented to explain why the heights of the manganese oxide islands self-limit. Our results provide an improved basis both for the development of predictive models of contaminant fate and transport and for the modeling of hydraulic flow through carbonate aquifers.
Introduction
Manganese oxide minerals in surface and groundwaters dissolve as Mn 2+ (aq) and precipitate as manganese(III) and manganese(IV) oxides in response to natural and anthropogenic cycles of aqueous pE and pH conditions (1) . Increases in PO 2 and pH favor precipitation. When precipitating, the manganese(III) and manganese(IV) oxides form thin coatings on mineral surfaces, including metal carbonates (2) (3) (4) . This film formation significantly impacts the precipitation and dissolution rates in natural waters of both the substrate mineral and the manganese oxide coating. Furthermore, given the essential role of Mn as a redox active species and as a scavenger (by coprecipitation) of heavy metals (e.g., Cd (5), Zn (6, 7) , Co (8, 9) , Cu (10), Ni (10), Pb (11) , and As (12, 13) ), manganese oxide precipitation and dissolution impact pE conditions, nutrient availability, and contaminant fate and transport. The manganese oxide films also affect the weathering of these substrates. For instance, films on carbonate minerals affect dissolution and thus provide an additional indirect impact on the alkalinity and the pH of aqueous systems and on the biogeochemical cycle of carbon. Moreover, other environmentally relevant carbonate mineral surface reactions, such as the sorption of phosphorus and trace metals, are affected (14, 15) .
Although the impact of manganese oxide films on aqueous geochemistry is evident, the current understanding of the nucleation and growth mechanisms of these films under aqueous conditions is limited (1, 16, 15) . Nucleation is the event in which atoms spontaneously assemble into a critically sized cluster of a thermodynamically (meta)stable phase. Growth is the process in which the cluster size increases by incorporating more atoms, thus generating larger structures (17) (18) (19) (20) . In contrast to cluster nucleation and growth from a homogeneous phase, heteroepitaxial nucleation and growth of a film is surface-directed by an underlying substrate (21) . In our usage, a film describes any overgrowth on a substrate; the growth can range from two-dimensional islands, which we call a patchy film, to a contiguous sheet, which we call a continuous film. The interface between the film and the substrate has an excess energy (i.e., an interfacial energy) because the atomic positions in the interfacial region differ from their positions in relaxed reference states (e.g., in the bulk material composing the film and the substrate). The interfacial energy can limit and alter film growth (22) (23) (24) .
Extensive insights into heteroepitaxial nucleation and growth have been obtained through the study of solid/gas systems at low pressure (25, 26) . There is, however, correspondingly much less work and understanding of these processes for solid/aqueous systems. Atomic force microscopy (AFM) has been employed to study heteroepitaxial growth from supersaturated aqueous solutions. For example, (Pb, Sr, Cd)xCa1-xCO3 and (Sr, Ba)SO4 two-dimensional islands form on CaCO3 and BaSO4 substrates, respectively, when exposed to supersaturated aqueous solutions (16, (27) (28) (29) 30) . Synchrotron X-ray measurements have also been employed to study the atomic structure of several secondary precipitates, many of which are believed to form by heteroepitaxial growth from aqueous solutions (31, 32) .
Our current report focuses on manganese oxide film growth on carbonate substrates under aqueous conditions. There are several earlier relevant accounts of manganese oxide film growth (33) (34) (35) (36) (37) . Junta and Hochella's observations of manganese oxide hillocks (pH ≈ 8) on hematite (R-Fe2O3), goethite (R-FeOOH), and albite (NaAlSi3O8) demonstrate that an underlying substrate provides reactive sites for the surface-catalyzed heterogeneous oxidation of Mn 2+ and the subsequent growth of manganese oxide hillocks. The observations suggest that the initial nucleation of the manganese oxide hillocks occurs at steps and that the subsequent growth proceeds either as rows along steps (albite) or as complete surface coatings emanating from the steps (iron oxides) (35) . Jun and Martin report that Mn 2+ (aq) heterogeneously oxidizes on γ-MnOOH to form a manganese oxide film that has no apparent preference for steps (36) . To explain the differences between their observations and those of Junta and Hochella, in addition to comparing differences in substrates and solution conditions, Jun and Martin point to the saturation ratio as a key determinant of the characteristics of film growth. They suggest that a high saturation ratio leads to rapid growth rates that do not allow sufficient time for surface reconstruction and energy minimization.
There are also several earlier relevant accounts of film growth on carbonate substrates (15, (37) (38) (39) (37) .
Our current paper builds upon the observations of Duckworth and Martin (37) by investigating in detail the physical and chemical characteristics of the manganese oxide film. Also investigated is the dependence of the film's growth on the relationship between the atomic structure of the film and that of the substrate. Specifically, we report on the heteroepitaxial nucleation and oriented growth of manganese oxide islands on the carbonate substrates MnCO3, MgCO3, and CaCO3. Using atomic force microscopy, we investigate how surface morphology, aqueous manganese concentration, and substrate crystallography affect the orientation, the height, and the shape of the manganese oxide islands. We find that the islands grow on MnCO3 terraces with a rhombohedral two-dimensional shape. On highly stepped surfaces, the islands lack a euhedral form. Addition of aqueous Mn 2+ also distorts the rhombohedral shape. Finally, we find that the manganese oxide islands grow on MgCO3, but not on CaCO3, which we explain by bond length mismatch between the film and the substrate.
Experimental Section
Crystal Samples. MnCO3 (rhodochrosite, sample 96030, Colorado), MgCO3 (magnesite, sample 105090, Oberdorf, Austria), and CaCO3 (calcite, Iceland Spar, Chilhuahua, Mexico) are selected as model metal carbonate substrates. The minerals are part of the isostructural calcite group. The crystal phase of each sample is verified using powder X-ray diffractometry (XRD, Phillips). Proton-induced X-ray emission spectroscopy (PIXE, Cambridge Particle Accelerator Facility, Harvard University) confirms the absence of significant metal impurities (detection limit of 2%) (40) . Flat (101 h4) surfaces are prepared by breaking a large (1 cm 3 ) crystal specimen with a razor blade. Optical images of the cleavage faces are collected using a CCD camera and digitized. The geometric sample surface area is calculated from the digital images using Photoshop CS (Adobe Systems, San Jose, CA). The typical sample surface area is 4 mm 2 . Without further treatment, samples are fixed on a steel disk with warm wax, as previously reported (36, 41) .
Observation of Surface Morphology. Surface morphology is observed in contact mode using an atomic force microscope (AFM) equipped with a fluid cell (Nanoscope IIIa Multimode SPM, Digital Instruments). Images ranging from 6 × 6 to 13 × 13 µm 2 are recorded during 3.4 min using oxide-sharpened Si3N4 probes with a nominal force constant of 0.12 N m -1 and radius of curvature of 5 to 40 nm. Metal carbonate surfaces are reacted with solutions introduced into a fluid cell by a syringe drive (Orion Sage, Beverly, MA) at a flow rate of 0.1 mL min -1 . Effluent from the fluid cell is collected by a fraction collector (Retriever 500, Isco, Lincoln, NE) and analyzed off-line for aqueous manganese concentrations using a GF-AAS (Perkin-Elmer AAnalyst 300), from which macroscopic dissolution rates are determined (36, 41) . This setup allows real-time molecular scale observations of film growth under controlled conditions of ionic strength, pH, and saturation ratio.
Solutions. Reaction solutions are saturated with O2 (PO 2 ) 1 atm) at 298 K by purging with oxygen gas for at least 2 h. In-line moisture traps (Alltech, IL) remove CO2 gas from the O2 flow prior to introduction into the reaction solution. Ionic strength is adjusted with 10 -2 M NaNO3 (100%, Mallinckrodt).
The two main solution variables targeted for control are pH and aqueous Mn 2+ concentration. The pH of all solutions is adjusted by addition of HNO3 (70%, EM Science) or NaOH (98.6%, J. T. Baker). Aqueous Mn 2+ serves as the source material for manganese oxide precipitation and derives in some experiments from MnCO3 dissolution and in others from the external addition of a stock Mn 2+ (aq) solution made at pH ) 6 ( 0.2 from a sulfate salt (MnSO4‚H2O).
Three complementary experimental protocols are employed: (i) MnCO3 serves as the substrate and no Mn 2+ (aq) is added, (ii) MnCO3 is the substrate and additional Mn 2+ (aq) is provided at concentrations ranging from 10 -7 to 10 -3 M, and (iii) CaCO3 or MgCO3 is the substrate and additional Mn 2+ (aq) is provided at concentrations of 4 × 10 -6 or 10 -6 M, respectively. Mn solutions are prepared directly prior to the start of each experiment, and, given the slow kinetics of homogeneous Mn(II) oxidation compared to heterogeneous oxidation (i.e., Mn(II) oxidation on substrates) (42), we do not anticipate homogeneous Mn(II) oxidation to play a role in our model system. Combining protocols 1 and 2, we can interpret the effect of the aqueous Mn 2+ concentration on island formation. The combination of protocols 1 and 3 allows us to investigate the effect of substrate crystallography on island formation. To perform oxygen control experiments for all three metal carbonate substrates, oxygen free solutions are prepared by purging solutions with argon gas. In protocol 1, in which the aqueous Mn 2+ is derived from the substrate (e.g., MnCO3), the starting pH is critical for reproducible results and must be slightly lower (5.7 e pH e 6.4) than the circumneutral range (5.7 e pH e 8.4) used later in the experiments. The initial lower pH values in protocol 1 are required so that sufficient Mn 2+ (aq) is available, through the rapid dissolution of MnCO3, to initiate island nucleation.
Thermodynamic Calculations. Using the measured [Mn 2+ ](aq) of the fluid cell effluent, we can calculate the saturation ratios for several solid manganese phases (oxides and carbonates) to determine which are thermodynamically possible under our experimental conditions. Calculations are completed with MINEQL+ software (Environmental Research Software, Hallowell, ME) (43) and consider the following aqueous species: Mn 2+ , Mn(OH)
2-, Na + , and NO3 -. The MnO4 -and MnO4 2-species are omitted from the calculations because these species do not form rapidly in our pH range (i.e., 5.7 e pH e 8.4). Results from the calculations help to constrain the composition and mineral phase of the islands that form during the experiments.
Results
At circumneutral pH and in the presence of O2(aq), we find that Mn 2+ (aq) oxidizes and grows heteroepitaxially as manganese oxide islands on the (101 h4) surface of MnCO3. At the resolution of our AFM images, growth is observable 100 to 300 min after the introduction of the aqueous solution. The growth initially occurs as a patchy film of individual islands, which then enlarge and later coalesce into a semicontinuous film. With sufficiently long exposure (12 h) to circumneutral pH solution, the substrate surface becomes fully covered with a thin manganese oxide layer. Once covered, the macroscopic dissolution rate decreases by 75% (data not shown), and no discernible microscopic surface morphology changes are observed thereafter, at least based upon 9.5 h of additional observation and so long as circumneutral pH is maintained. Film growth is, however, reversible: dissolution occurs if the pH is lowered below 5.7.
In the following sections, we report on how island growth is affected by substrate morphology, Mn 2+ (aq) concentration, and substrate crystallography.
Effect of Substrate Morphology. The shape and the distribution of the islands differ when growth occurs on terraces versus on highly stepped surfaces. On terraces of MnCO3, rhombohedral two-dimensional manganese oxide islands nucleate and grow ( Figure 1) . The island heights selflimit, and the population of island heights is described by an average value of 2.3 nm and a standard deviation of 0.16 (sample size (n) of 89). The 95% confidence limit of the average of the population is 2.30 ( 0.03 nm. Given our instrument's noise floor of 0.1 nm and uncertain software corrections (e.g., to remove scanner bow), the z-directed surfaces of the islands are flat within our measurement and analysis capability ( Figure 1D and cross sections shown in Figures 2, 4, 6, and 7). The statistical description of the island heights is, therefore, a convolution of the actual variability among the heights with the difficulties in measuring those heights.
In contrast to the self-limiting growth in the z-direction, the areal extent of individual islands grows with time (data not shown) and is limited on terraces only by island coalescence, which suggests that the growth is not limited in the x-and y-directions (44, 45) . The lateral island dimensions begin at 60 nm when employing a 3.4 min frame capture rate and grow steadily to several microns before islands begin to collide and coalesce (circles in Figure 1B,C) . There is thus a transition from an initial patchy film of islands to a semicontinuous layer film at longer times.
The material for the growth of the manganese oxide islands is provided by the dissolution of the manganese carbonate substrate; this dissolution occurs by pit expansion and step retreat ( Figure 2 ). When first detected, the pits are 0.3 nm deep and at least 60 nm across. The dissolution pits cluster together and remain separate from areas of initial film growth. For example, whereas precipitation preferentially occurs on the top and side areas of Figure 2C , dissolution pits are prevalent in the center. It is possible the center region of the image corresponds to a surface region having a high density of dislocations or defects, which facilitate pit formation (46) . Conversely, heteroepitaxial film growth is disfavored in such surface regions because of additional lattice mismatch at the defect sites. A related possibility is that some variability in island height may be attributed to the extent of defects in the local underlying substrate.
The dissolution pits, which become detectable on the surface approximately 1 h after the introduction of the aqueous solution and after the appearance of initial island nucleation and growth, indicate the a-and c-orientations of the substrate's crystallographic axes (39) . The substrate axes, when rotated 90°, also describe the apparent orientation of the islands (Figure 2A islands is invariant for 5.7 e pH e 6.4, even as the macroscopic dissolution rate increases from 10 -7.2 to 10
. The step advance rates of three separate islands, which are labeled 1, 2, and 3 in Figure 1 , are similar along the a-and c-axes ([010] and [421 h], respectively) ( Figure 3 ).
As they grow, the islands do not propagate across substrate steps, an observation that is true under all explored experimental conditions. As such, steps guide and terminate island growth. The step heights on the MnCO3 substrate range from 0.3 to 20 nm. Figure 4 provides an example in which island growth proceeds along and toward, but not over, a 0.3 nm step. Another example is apparent in the termination of the right side of the film at the step shown in Figure 2C . In extreme cases, such as highly stepped MnCO3 surfaces, rhombohedral islands do not form at all ( Figure 5 ). The film growth is, instead, irregular, and a strong influence of the substrate morphology is apparent. The film thickness, however, still remains between 2 and 3 nm and does not change with time.
Effect of Mn 2+ (aq) Concentration. The addition of aqueous Mn 2+ , beyond the baseline concentration arising from MnCO3 dissolution, causes an initial rounding of the rhombohedral manganese oxide islands ( Figure 6A as compared to Figure 6B ). Some aspects of the rhombohedral form, however, do remain, as is evident in the several straight edges still bounding some of the islands ( Figure 6B ). Another effect of increased Mn Step advance rates versus time for several islands, as labeled in Figure 1. thickening of island height. For example, at the highest added Mn 2+ (aq) concentration of 10 -3 M, the population of island heights is described by an average value of 2.57 nm and a standard deviation of 0.28 (n ) 20). The 95% confidence limit of the average of the population is 2.57 ( 0. 13 (aq) and 1 atm O2(aq) (Figure 7) , and island heights self-limit. The 95% confidence limit of the average of the population of island heights is 2.46 ( 0.05 nm (n ) 60) (standard deviation of 0.19). Unlike the rhombohedral shape observed on MnCO3, the island shape on the (101 h4) surface of MgCO3 is elongated ( Figure 7B ). The islands also appear aligned in one direction, although specific control by the underlying crystallography could not be determined because of the slow dissolution of MgCO3 and hence the absence of dissolution pits. Although MgCO3 steps appear to guide and terminate island growth in some cases, there are other examples in which the islands grow over large-scale morphological features at low surface coverage (Figure 7) , which is in stark contrast to the regulated behavior on the MnCO3 substrate. We also observe that, whereas some islands grow steadily, other islands shrink and eventually disappear; this ripening behavior is not observed during growth on MnCO3, possibly because of the infinite local supply of Mn 2+ (aq) from sustained MnCO3 dissolution. Finally, the areal growth rates of the manganese oxide islands on MgCO3 are six times slower than those on MnCO3 at comparable surface coverages.
In contrast to the behavior observed with MnCO3 and MgCO3, no film growth is observed when the (101 h4) surface of CaCO3 is exposed to up to 10 -5.4 M added Mn 2+ (aq) and 1 atm O2(aq) for 6.4 e pH e 8.4. Changing our reaction conditions to pH ) 8.9, 10 -5.7 M Mn 2+ (aq), and 150 µM [CO3 2-] yields surface islands, presumably composed of Mn II 0.5Ca0.5CO3 based upon the report of Lea et al. (15) . In contrast to manganese oxide island growth on MnCO3 and MgCO3, we find that the presence or absence of O2(aq) does not affect island growth under these conditions, which supports the assignment of a Mn II solid such as Mn II 0.5Ca0.5CO3.
Discussion
The following analysis considers the possible chemical composition and atomic structure of the manganese oxide film. Evidence is analyzed to support the assertion that the growth is heteroepitaxial. To explain the differences in the film's growth characteristics on several carbonate substrates, we use comparisons of the relative bond length mismatch between the structures of those substrates and the atomic structures of manganese oxides. A free energy model is also presented to explain why the heights of the manganese oxide islands self-limit. ](aq), we find that the saturation ratio of MnCO3 varies from 10 -1.8 to 10 -9.7 across the complete range of our experimental conditions. We thus conclude that the film is not composed of MnCO3. Similarly, our systems are undersaturated with respect to Mn(OH)2 for 3 < pH < 10. The requirement that O2(aq) be present in the reaction solution also indicates that the film composition contains a higher oxidation state of manganese, thus providing further evidence against MnCO3 and Mn(OH)2. Previous measurements in our laboratory of the O1s XPS spectra also eliminate the possibility of a hydroxide phase (e.g., -MnOOH and γ-MnOOH) (37) . Although the saturation calculations indicate that the Mn IV solid phases are thermodynamically stable under our conditions, their formation from aqueous Mn 2+ is slow (48) (49) (50) . We thus rule out hydroxides and manganese(II) and manganese(IV) oxides; we conclude that the film is a manganese(III) or a mixed manganese(II)/manganese(III) oxide.
Although saturation calculations suggest that Mn2O3 (bixbyite) and Mn3O4 (hausmannite) could form, we nevertheless rule them out based upon the following considerations. The saturation ratios of Mn2O3 and Mn3O4 approach 10 7 and 10 4 , respectively, at pH ) 6.4 and 10 -5 M added Mn 2+ (aq). If the atomic positions of the film approached those of either unstrained Mn2O3 or Mn3O4, then the surface of the film would act as a nearly perfect homoepitaxial nucleus and no limitation in z-growth would occur, in disagreement with the observations. We thus rule out Mn2O3 and Mn3O4, although it is still possible that the film structure could have the crystallography of one of these solids but with a strained lattice parameter.
Our analysis thus concludes that no known, unstrained, bulk-phase manganese oxide is consistent with our experimental observations. We, therefore, hypothesize that filmsubstrate interactions provide a large interfacial energy contribution, which stabilizes the thin film. The strong film-substrate interactions, as implied by the limitation of island height to 2-3 nm, suggests that the islands have atomic positions and a free energy of formation different from those of bulk-phase manganese oxides. The free energy corresponding to the structure of this film is thus greater than that of bulk-phase manganese oxides. The formation of a metastable film is consistent with Ostwald's rule of stages (22) . A more complete presentation of our free energy model is discussed further below. It is also possible that manganese oxide carbonate solid solutions such as MnaOx(CO3)y and MnaMgbOx(CO3)y, which are not known as bulk materials, could be formed at the nanoscale.
Heteroepitaxial Growth. Our observations of the growth of euhedral manganese oxide islands on metal carbonates demonstrate that heteroepitaxial mechanisms are active. For instance, the influence of substrate atomic structure is shown by the rhombohedral shape of the islands (Figures 1 and 2 ). The rhombohedral shape is a signature mark of the atomic structure of the metal carbonate family, as revealed in the rhombohedral shape of the dissolution pits. The long axis of the manganese oxide islands is, however, rotated 90°relative to the long axis of the dissolution pits of the MnCO3 substrate (Figure 2 ). The manganese oxide islands grow along the [451 h] and [4 h11] crystallographic directions of the MnCO3 substrate ( Figure S1 ). The rhombohedral form of these two directions has inner angles of 65°and 115°(51), which agree well with the inner angles observed in the AFM micrographs (viz. 68°a nd 112°) (Figure 2 ).
The addition of aqueous Mn II raises the saturation ratio and, hence, increases the lateral film growth rate sufficiently that the formation of euhedral islands is hindered, as shown by the rounding in Figure 6B (19, 52) . After approximately 40 min, however, as island area increases and step advance rates slow, the round shape returns to a rhombohedral form (image not shown), presumably because the surface-adsorbed monomers have sufficient time to diffuse and reorganize at the slower step advance rates. This behavior demonstrates a strong substrate effect on island growth.
Film growth is guided by steps on the substrate, and a general rule appears to hold that the film cannot cross over a step. To cross over a step, an ion pair of an advancing growth front must overcome an energy barrier caused by the undercoordination of the ion pair (Figure 8 ). The barrier (sometimes referred to as an Ehrlich-Schwoebel barrier) appears to be sufficiently high in the present case that thermal and diffusive variability is not large enough to overcome it with significant frequency (20, (53) (54) (55) . As a result, substrate steps act as container walls to constrain and guide film growth. Hence, on a terrace, manganese oxide islands are controlled by the underlying substrate crystal structure, which results in rhombohedral structures. In comparison, at a step, heteroepitaxial growth is redirected and inhibited as islands begin to follow large-scale surface microtopography (i.e., steps), thus interrupting the potential formation of rhombohedral islands.
Role of Lattice Mismatch. Lattice mismatch, which describes the goodness-of-fit between the atomic positions of a substrate and those of a film overgrowth, plays an important role in determining whether a film grows on a particular substrate (20) (21) (22) . Our observation of manganese oxide islands implies a small lattice mismatch between the film and the substrate. For crystals of different symmetry, a direct quantitative calculation of a lattice mismatch is difficult. As an approximation, we can calculate the percent bond length mismatch (m):
where aA and aB are the bond lengths in the atomic structures of the island and of the substrates, respectively (Figure 9 ). Both the O-O and M-O bond lengths should be considered. Observations reported for alkali halides suggest that m should be less than 10-20% for efficient two-dimensional heteroepitaxial growth to occur (56) .
For our system, the calculation of lattice mismatch is hindered by the absence of structural knowledge of the manganese oxide film. Our approach to this problem is to examine the clustering of the O-O and Mn-O bond lengths of the known manganese (hydr)oxide minerals ( Figure 9) . A reasonable assumption is that the film structure is close to that of the manganese(III) and mixed manganese(II)/ manganese(III) oxides. Also shown in Figure 9 are the O-O and M-O bond lengths of the carbonate minerals. Our hypothesis is that those carbonate minerals having bond lengths similar to those of the manganese(III) oxides will be effective substrates for heteroepitaxial growth.
To test this hypothesis, we evaluate film growth on the structural endmembers (viz. CaCO3 and MgCO3; see Figure  9 ). Manganese oxide island growth occurs on MgCO3, and crystallographic control of island shape is also observed (Figure 7) . In contrast, the growth of manganese oxide islands is not observed on CaCO3. As shown in Figure 9 , the relative capabilities of the substrates to promote heteroepitaxial growth are consistent with the proximate {M-O, O-O} bond length positions of MgCO3 and MnCO3 versus the distant {M-O, O-O} bond length position of CaCO3, compared to those of the manganese(III) and mixed manganese(II)/manganese(III) oxides. Although film growth is not observed on CaCO3, other solids with bond lengths closer to CaCO3, such as Mn0.5Ca0.5CO3, do grow heteroepitaxially (15) . Even though the bond length mismatch appears to explain manganese oxide film formation on MgCO3 and MnCO3 and, conversely, the absence of film formation on CaCO3, additional factors could include differences in the adsorption isotherms of Mn 2+ on these surfaces (57) and in the rates of heterogeneous oxidation of >Mn 2+ by O2 at the aqueous-substrate interface (34, 42) . Weak adsorption or slow heterogeneous oxidation would hinder the formation of a manganese oxide film.
Free Energy Model of Height Limitation in Island
Growth. In addition to influencing whether film growth occurs, the bond length mismatch also contributes to the limitation of growth in the z-direction by affecting interfacial and strain energies. We consider three models that describe the free energy of the film as a function of thickness (L) ( Figure  10 ). In all three models, given the planar geometry of the film, the surface-normalized volume Gibbs free energy of precipitation (L ∆GV) must decrease linearly with film thickness. In model A, the surface-normalized strain energy (L U) increases linearly with film thickness, which is based upon an assumption that the lattice mismatch between the film and the substrate results in a constant stress in the film. This assumption is equivalent to the statement that the atomic positions in the film structure do not vary with layer thickness. The second model (B) allows relaxation with film thickness (associated with the generation of misfit dislocations) so that the surface-normalized strain energy no longer increases beyond a critical thickness. Model B may be regarded as more realistic than model A. For both models A and B, the net change in interfacial energy (∆γ) due to the formation of a new surface and interface is independent of film thickness. The sum of all three energy terms (L ∆GV, L U, and ∆γ) yields the total net free energy of the system (∆GT) with increasing layer thickness.
In model A, ∆GT decreases linearly with film thickness, and film growth is not limited in the z-direction. In model B, an energy barrier exists in ∆GT (L): either no film growth occurs or, if the barrier can be overcome, film growth is not limited in the z-direction. Hence, neither model A nor B can explain our observation of limited growth in the z-direction.
To explain our observations, we hypothesize that the net change in interfacial energy (∆γ) depends on layer thickness (model C). Experimental data for epitaxial metal films (58) and computational models for GaAs/AlAs multilayers (59) support this possibility. Physical reasoning also suggests this result: interfacial energies corresponding to a fully relaxed surface region are not possible until the material is thicker than the surface depth, which ranges from 1 to 5 nm for many bulk materials. As shown for model C in Figure 10 , when ∂(∆γ)/∂L < -(U + ∆GV) over some finite range of layer thickness, ∆GT goes through a minimum as the film thickness increases. Model C thus successfully rationalizes the z-limitation growth of the film. An expanded view of the energy well in model C shows that there are three regions: ](aq) (above) can also be explained by model C. Adding Mn 2+ decreases ∆GV and, therefore, shifts the position of the energy well to a slightly greater thickness.
Mechanism of Heteroepitaxial Growth of a Manganese Oxide Film on Metal Carbonates. The mechanistic understanding emerging from the current work is depicted in Figure  11 . Aqueous Mn 2+ is released in the dissolution of MnCO3, which is accompanied on the microscale by pit expansion and step retreat. The released Mn 2+ (aq) re-adsorbs to the MnCO3 surface, which catalyzes the oxidation of >Mn 2+ by O2(aq). Over the critical pH range of 5.7 e pH e 6.4, rhombohedral manganese oxide islands nucleate and grow as a patchy film, which subsequently coalesces into a contiguous film.
The growth of the manganese oxide film is regulated by the structural controls imposed by the substrate. One 
structural control is the influence of the surface morphology. On a terrace with no steps, rhombohedral island growth occurs. In surface regions having more complex microtopography, film growth is guided and terminated by step and pit edges. A second structural control is the bond length mismatch at the substrate-film interface, which affects whether film growth occurs. For CaCO3, the bond length mismatch is large enough that the manganese oxide film does not form. The bond length mismatch also affects interfacial and strain energies and thus contributes to the limitation of growth in the z-direction. According to our proposed free energy model, interfacial energy, strain energy, and volume energy combine to yield an energy well, which under our conditions corresponds to a layer thickness of 2-3 nm. The growth of the manganese oxide film is also regulated by the chemical controls imposed by the aqueous solution. Chemical controls are observed when pH or [Mn 2+ ](aq) are varied. Aqueous Mn 2+ concentration strongly influences island shape, causing an initial rounding at high concentrations, and it weakly influences island height, causing a slight thickening with increasing concentrations.
Our observations of the heteroepitaxial growth of manganese oxide films on metal carbonate substrates provide new mechanistic insights and quantitative descriptions of the interfacial reactions between film overgrowths and substrate minerals in the environment. In particular, the atomic positions and the free energies of nanoscale films may be significantly different from bulk phase materials. These films have important consequences in system descriptions of environmental compartments: by insulating the substrate from the aqueous medium, the films impact alkalinity, the bioavailability of manganese and other divalent cations, and the phase partitioning of toxic heavy metals. Our findings provide an improved basis both for the development of predictive models of contaminant fate and transport and for the modeling of hydraulic flow through carbonate aquifers. A more detailed understanding of heteroepitaxial growth under aqueous conditions is also broadly relevant to other aspects of environmental systems, including the heterogeneously induced crystallization of ice from water in atmospheric and biological systems (60, 61) and the heterogeneously induced efflorescence of hygroscopic atmospheric particles (62) (63) (64) (65) .
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